Noxious stimuli trigger a stereotyped escape response in animals. In Drosophila larvae, class IV dendrite arborization (C4 da) sensory neurons in the peripheral nervous system are responsible for perception of multiple nociceptive modalities, including noxious heat and harsh mechanical stimulation, through distinct receptors [1] [2] [3] [4] [5] [6] [7] [8] [9] . Silencing or ablation of C4 da neurons largely eliminates larval responses to noxious stimuli [10] [11] [12] , whereas optogenetic activation of C4 da neurons is sufficient to provoke corkscrew-like rolling behavior similar to what is observed when larvae receive noxious stimuli, such as high temperature or harsh mechanical stimulation [10] [11] [12] . The receptors and the regulatory mechanisms for C4 da activation in response to a variety of noxious stimuli have been well studied [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , yet how C4 da activation triggers the escape behavior in the circuit level is still incompletely understood. Here we identify segmentally arrayed local interneurons (medial clusters of C4 da second-order interneurons [mCSIs]) in the ventral nerve cord that are necessary and sufficient to trigger rolling behavior. GFP reconstitution across synaptic partners (GRASP) analysis indicates that C4 da axons form synapses with mCSI dendrites. Optogenetic activation of mCSIs induces the rolling behavior, whereas silencing mCSIs reduces the probability of rolling behavior upon C4 da activation. Further anatomical and functional studies suggest that the C4 damCSI nociceptive circuit evokes rolling behavior at least in part through segmental nerve a (SNa) motor neurons. Our findings thus uncover a local circuit that promotes escape behavior upon noxious stimuli in Drosophila larvae and provide mechanistic insights into how noxious stimuli are transduced into the stereotyped escape behavior in the circuit level.
SUMMARY
Noxious stimuli trigger a stereotyped escape response in animals. In Drosophila larvae, class IV dendrite arborization (C4 da) sensory neurons in the peripheral nervous system are responsible for perception of multiple nociceptive modalities, including noxious heat and harsh mechanical stimulation, through distinct receptors [1] [2] [3] [4] [5] [6] [7] [8] [9] . Silencing or ablation of C4 da neurons largely eliminates larval responses to noxious stimuli [10] [11] [12] , whereas optogenetic activation of C4 da neurons is sufficient to provoke corkscrew-like rolling behavior similar to what is observed when larvae receive noxious stimuli, such as high temperature or harsh mechanical stimulation [10] [11] [12] . The receptors and the regulatory mechanisms for C4 da activation in response to a variety of noxious stimuli have been well studied [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , yet how C4 da activation triggers the escape behavior in the circuit level is still incompletely understood. Here we identify segmentally arrayed local interneurons (medial clusters of C4 da second-order interneurons [mCSIs] ) in the ventral nerve cord that are necessary and sufficient to trigger rolling behavior. GFP reconstitution across synaptic partners (GRASP) analysis indicates that C4 da axons form synapses with mCSI dendrites. Optogenetic activation of mCSIs induces the rolling behavior, whereas silencing mCSIs reduces the probability of rolling behavior upon C4 da activation. Further anatomical and functional studies suggest that the C4 damCSI nociceptive circuit evokes rolling behavior at least in part through segmental nerve a (SNa) motor neurons. Our findings thus uncover a local circuit that promotes escape behavior upon noxious stimuli in Drosophila larvae and provide mechanistic insights into how noxious stimuli are transduced into the stereotyped escape behavior in the circuit level.
RESULTS AND DISCUSSION
mCSIs Are Functionally Connected to C4 da Nociceptive Sensory Neurons The C4 da neurons have a unique axonal projection to a specific medial-ventral position in the ventral nerve cord (VNC) ( Figure 1A ) [24] [25] [26] . To identify second-order neurons to which C4 da axons connect in the VNC, we screened $1,000 Janelia GAL4 lines [27] , and we found two independent lines, R94B10-GAL4 and R52F05-GAL4, that drive GFP in neurons whose neurites overlap with the regions occupied by C4 da axonal terminals ( Figures 1B, 1C , and S1A). Although the two GAL4 lines drive GFP in different cell populations in the VNC as well as in the brain, they seemed to share a pair of neurons nearby C4 da axon terminals in the abdominal segments. To confirm that the two GAL4 lines label the same neurons in the VNC, we swapped the GAL4 enhancer element of the R94B10-GAL4 with the LexA enhancer sequence, and we doubly labeled the neurons by both the GAL4/UAS and the LexA/LexAop binary expression systems [28] . These dual-labeling experiments confirmed that the two GAL4 lines specifically share the segmentally arrayed neurons nearby the C4 da axon terminals in each of abdominal segment A1-7 ( Figure S1B ). We designated these neurons as medial clusters of C4 da second-order interneurons (mCSIs).
To examine whether C4 da axons might form a contact with mCSIs, we utilized the activity-dependent delivery of split-GFP-tagged Synaptobrevin to the synaptic surface for GFP reconstitution across synaptic partners (Syb-GRASP) [29] , resulting in specific GFP signal along the entire C4 da axon ladders ( Figure 1D ). To confirm synaptic contacts between C4 da axons and mCSI dendrites, we expressed the presynaptic marker Brpshort-mCherry [30] in C4 da neurons and the postsynaptic marker Da7-GFP [30] in mCSIs, and we found that C4 da presynaptic zones are in apposition to mCSI postsynaptic area ( Figure S1C ). These data indicate synaptic contacts between C4 da axon terminals and mCSI dendrites.
Next, to examine whether mCSIs are functionally coupled to C4 da neurons, we performed calcium (Ca 2+ 
Single-Cell Analysis of mCSIs
To characterize mCSIs at single-cell resolution, we stochastically labeled single mCSIs using the Flp-out system [24, 25] . Briefly, we used R94B10-GAL4 to express the 
UAS-FRT-CD2-FRT-mCD8GFP
cassette, and we generated flippase (FLP)-mediated mCD8GFP-labeled single neurons. As expected, mCSIs elaborated their neurites along C4 da axonal terminals ( Figure S2A ). In addition, mCSIs extended several neurites toward the dorsal neuropile region ( Figures 1C and S2A ; Movie S2). To delineate axonal and dendritic domains of mCSIs, we simultaneously expressed mCD8GFP and the dendrite marker DenMark [31] in mCSIs, and we found that mCSIs elaborate dendrites along C4 da axons while extending axons toward the dorsal neuropile region ( Figure S2B ).
We next examined the segmental organization of the Flp-out mCSI clones in the VNC. Previous studies showed that C4 da axons extend both ipsilateral and contralateral branches in the innervating segments [24, 25] . In contrast, mCSIs predominantly projected ipsilateral dendritic branches with fewer contralateral branches ( Figures S2A and S2C ). In addition, mCSIs typically extended dendrites over several anterior neighboring segments ( Figure S2C ). mCSI Activation Is Necessary and Sufficient for C4 da Activation-Triggered Escape Behavior Given that mCSIs are innervated by C4 da sensory neurons that receive nociceptive stimuli and evoke escape behaviors in larvae, we next wanted to examine whether mCSIs are involved in the control of nociceptive behavior. To examine this possibility, we expressed the red-shifted variant of channelrhodopsin, ReaChR [32] , in mCSIs, optically stimulated these neurons, and monitored larval behavioral responses. Red light (617-nm) application to larvae harboring R94B10-GAL4 and UAS-ReaChR evoked robust rolling behavior in all larvae tested ( Figure 3A ; Movie S3). Similarly, 100% of larvae harboring R52F05-GAL4 and UAS-ReaChR showed rolling behavior in response to red light application ( Figure 3A) . No rolling behavior was observed in larvae harboring either GAL4 or UAS-ReaChR alone following red light exposure ( Figure 3A) . Thus, activation of mCSI is sufficient to trigger nociceptive escape behavior, consistent with mCSI functioning downstream of C4 da neurons in responses to noxious stimuli.
In addition to mCSIs, both R94B10-GAL4 and R52F05-GAL4 drove weak expression in small populations of other neurons in the brain and in the VNC (Figures 1B and S1A ). To confirm that the rolling behavior is triggered by mCSI activation and not the activation of other populations of neurons, we performed two additional experiments. First, we expressed tsh-GAL80, which suppresses GAL4 activity in VNC neurons [33, 34] , in combination with R94B10-GAL4 and UAS-ReaChR. In this condition, red light application no longer induced the rolling behavior (Figure 3B) , suggesting that R94B10-GAL4 neurons in the VNC, but not in the brain, are critical for induction of the rolling behavior. Second, we expressed R94B10-GAL80 in combination with R52F05-GAL4 and UAS-ReaChR in the third instar larvae, which resulted in loss of ReaChR expression in mCSIs compared to larvae harboring R52F05-GAL4 and UAS-ReaChR. In these animals, no significant rolling behavior was observed on light application ( Figure 3C ), suggesting that neurons shared by the two GAL4 are critical to trigger rolling behavior. These data further support the idea that mCSIs contribute to induction of the rolling behavior.
We next asked whether mCSIs might function downstream of C4 da neurons to induce the rolling behavior. To do that, we silenced mCSIs by using the tetanus neurotoxin light chain (TNT), which cleaves the synaptic vesicle-associated protein Synaptobrevin, thereby chronically blocking transmitter release [35] . Red light application to larvae expressing ReaChR in C4 da neurons triggered immediate and robust rolling behavior in a significant fraction of animals ( Figure 3D ; Effector control, 62.3%, n = 61). In contrast, inhibiting mCSIs in larvae expressing ReaChR in C4 da neurons significantly decreased the probability of the rolling behavior in response to C4 da activation ( Figure 3D ; R94B10 GAL4 control, 80.5%, n = 41; R94B10 inhibition, 25.8%, n = 31; R52F05 GAL4 control, 62.1%, n = 37; R52F05 inhibition, 29.2%, n = 24), suggesting that mCSIs are parts of the nociceptive circuits that evoke the rolling behaviors upon C4 da activation. Taken together, we conclude that mCSIs are the secondorder neurons of the nociceptive circuits that are necessary and sufficient to induce the rolling behavior.
The C4 da-mCSI Pathway Outputs to Motor Neurons to Evoke Rolling Behavior A recent study identified a cluster of neurons in the VNC, designated as Basins, as the second-order interneurons of C4 da neurons, and it suggested that Basins likely output, at least in part, to Goro interneurons [12] . Dual-color labeling revealed that mCSIs are different from Basin and Goro neurons ( Figure S3A ). In addition, mCSI activation-induced rolling behavior was unaffected by Goro silencing ( Figure S3B ). Consistently, mCSI activation did not increase Ca 2+ levels in Goro upon mCSI activation (Figures S4D and S4E) . Similarly, Basin activation-induced rolling behavior was unaffected by mCSI silencing ( Figure S4C ). Thus, mCSIs likely function in parallel to the Basin-Goro pathway.
Given that mCSIs extend axons to the dorsal area in the neuropile, which is innervated by motor neuron dendrites ( Figure 1C) , we reasoned that mCSIs might output to motor neurons. To test this possibility, we performed dual labeling of R94B10-LexA and motor neuron-GAL4 lines, and we found a close apposition between mCSI axonal terminals and BarH1-GAL4, which drives expression in segmental nerve a (SNa) motor neurons in each abdominal segment [36, 37] (Figures 4A and S4A To further test whether SNa motor neurons function in the C4 da-mCSI pathway, we examined the effects of silencing SNa motor neurons on larval response to C4 da or mCSI activation. We optogenetically activated C4 da neurons or mCSIs in larvae harboring BarH1-GAL4 and UAS-TNT, and we found that C4 da/mCSI activation-induced rolling behavior was significantly reduced in larvae harboring BarH1-GAL4 and UAS-TNT ( Figures  4D and 4E) . We likewise observed a significant reduction in C4 da/mCSI activation-induced rolling behavior when we expressed UAS-TNT and NP4099-GAL4, which also drives expression in SNa motor neurons ( Figures 4D, 4E , and S4B). We observed no significant reduction in the crawling speed and the turn rate in larvae harboring BarH1-GAL4 or NP4099-GAL4 and UAS-TNT compared to control (Figures 4F and 4G ). These data suggest that SNa motor neurons are essential for C4 da activation-induced rolling behavior, but not for basal locomotion. Taken together, our data suggest that the C4 da-mCSI nociceptive circuits evoke rolling behavior, at least in part, through SNa motor neurons.
In this study, we have identified local circuits that transmit noxious stimuli into the escape behavior in Drosophila larvae. Our data indicate that mCSIs are C4 da second-order neurons that are required and sufficient to induce rolling behavior. In addition, anatomical analysis reveals that single mCSIs are innervated by multiple C4 da neurons in the different segments ( Figure S2C ). This segmental organization implies that mCSIs might receive nociceptive information from multiple C4 da neurons and integrate the signals to evoke robust escape behavior. Our data also suggest that mCSIs output, at least partially, to SNa motor neurons to evoke the rolling behavior ( Figures 4B-4E ). This finding is consistent with the previous report that SNa neurons in the abdominal segments are essential for self-righting rolling behavior, but not for basal locomotion and turning behavior, in Drosophila larvae [38] . Given that mCSIs function in parallel to the Basin-Goro pathway in the rolling behavior control (Figures S3A-S3E ), multiple circuits likely act downstream of C4 da neurons. Further structural and functional studies of the nociceptive circuits should help to elucidate how multiple circuits collaborate to generate the stereotyped rolling behavior.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly Stocks and Transgenic Flies Drosophila third instar wandering larvae of mixed sexes were used in all experiments except for dual labeling of SNa motor neurons and mCSIs. In case of the dual labeling, we used female larvae to express transgenes from different X chromosomes. Larvae were raised on standard medium at 25 C unless otherwise specified. Fly stocks carrying w 1118 , UAS-TNT, R94B10-GAL4, R52F05-GAL4,
Behavioral Analysis
Third-instar larvae were allowed to develop on the fly food containing 1 mM all-trans retinal (Sigma). Before the experiments, the larvae were separated from food and washed by deionized water. Five larvae were then placed the center of the arena. The substrate for the behavioral experiments was 1% agarose S gel (Nippon gene) in a 10 3 10 cm square plastic plate. For optogenetic activation, we exposed dishes of larvae to light (617 nm, $35 mW/mm 2 ) for 15 s. The larval behaviors were recorded by CCD-Camera (1500M-GE, THORLABS). For quantification of crawling speed, we performed the analysis using the MWT (http://sourceforge.net/ projects/mwt).
QUANTIFICATION AND STASTICAL ANALYSIS Calcium Imaging
For the quantification of GCaMP6m fluorescence intensity, we used Metamorph software (https://www.moleculardevices.com/ systems/metamorph-research-imaging). DF is calculated according to the formula DF = (F -F 0 )/ F 0. F 0 is the mean intensity of the last ten time points before the light delivery. In the case of mCSI calcium imaging, the data before the delivery of blue light was omitted to save the space. The complete date is provided in Data S1.
Behavioral Analysis
To calculate the larval speed, we used the Multi Worm Tracker (http://sourceforge.net/projects/mwt). Only the larvae tracked more than 5 s were used to calculate the speed. The quantifications of rolling and turning events were done manually. In quantification of the speed and turning, the data before the onset of light delivery was used.
Statistical Analysis
Statistical analysis was performed using MATLAB (http://www.mathworks.com/). Statistical significance was evaluated by Fisher's exact test or Welch's t test. Benjamini-Hochberg correction was used for multiple testing. In Figure 2D , 4C, 4F, 4G, and S3E, Welch's t test were used. In Figure 3A , 3B, 3C, 3D, S3B, and S3C, Fisher's exact test was used. In the case of calcium imaging ( Figures 2D,  S3D , and S4C), n indicates the number of cells. In other cases, n indicates the number of animals. In statistical analysis, we did not use any methods to determine whether the data met assumptions of the statistical approach.
DATA AND SOFTWARE AVAILAVILITY
Complete 100 s calcium imaging data of mCSI is provided in Data S1.
